Introduction
In adult bone remodeling, bone resorption by osteoclasts along with bone formation by osteoblasts regulates bone microstructure by replacing an old bone with a new bone. This is necessary to maintain optimal bone density and integrity. 1, 2 Excessive osteoclastic resorption is primarily involved in bone destruction under pathological conditions such as postmenopausal osteoporosis, rheumatoid arthritis, and tumor-induced osteolysis. 3, 4 Osteoclasts, multinucleated bone-resorbing cells, are derived from monocyte/macrophage lineage precursor cells. Receptor activator for nuclear factor-B ligand (RANKL) is a critical cytokine for the differentiation and activation of these cells. 5, 6 To develop therapeutic reagents for the treatment of bone diseases caused by deregulated osteoclastogenesis, signaling molecules and transcription factors under RANKL signaling axis for osteoclastogenesis have been extensively investigated. 3, 4 Binding of RANKL to its receptor RANK induces the recruitment of adaptor molecules such as TNF receptor-associated factor 6 to the intracellular domain of RANK, which activates various intracellular signaling cascades to induce and activate osteoclastogenic transcription factors including c-Fos and nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1). [7] [8] [9] [10] [11] [12] [13] The hooks and stems of Uncaria sinensis (US) have been widely used in traditional medicine in East Asian countries to treat cardiovascular and central nervous system ailments such as dizziness, numbness, and hypertension. 14 A number of pharmacological investigations have demonstrated the beneficial neuroprotective effects of US. It has been reported that water extract of US and its phenolic and alkaloid compounds protect glutamate-induced neuronal death by inhibiting Ca 2+ influx. 15 In vivo studies further provided evidences that water extract of US exhibits a protective effect against transient, ischemia-induced, delayed, neuronal death by reducing oxidative damage to neurons in gerbils. 10, 16 US hexane extract also exhibits anti-apoptotic properties against glutamate-induced cytotoxicity in cortical neurons 17 and prevents cerebral ischemic damage through an endothelial nitric oxide synthase-dependent mechanism in mice. 18 Although the pharmacological effects of US relevant to its ethnopharmacological uses have been extensively studied, it is less characterized for bone-related pharmacological properties. In this study, we investigated the effect of water extract of the hooks and stems of US (WEUS) on osteoclast differentiation and function in vitro. The bone protective effect of WEUS was also assessed in a mouse model of bone loss.
Methods

Reagents
Air-dried US was purchased from Yeongcheon herb (Yeongcheon, Korea). Minimum Essential Medium Alpha modification (␣-MEM), Dulbecco Modified Eagle's Medium (DMEM), fetal bovine serum, and penicillin/streptomycin were purchased from Gibco BRL Life Technologies (Grand Island, NY, USA). Macrophage colony-stimulating factor (M-CSF) and RANKL were obtained as described previously. 19 Antibodies against phospho-c-Jun N-terminal kinase 
Preparation of WEUS
US was extracted by boiling in distilled water and lyophilized as described previously. 20 The lyophilized extract (yield, 9.29%) was suspended in distilled water, centrifuged at 10,000 × g for 15 minutes, and filtered through a 0.2 m sterile filter to prepare WEUS.
HPLC analysis of WEUS
For HPLC analysis of WEUS, we used a Hitachi LaChrom Elite HPLC system (Hitachi High Technologies Corp., Tokyo, Japan). The chromatographic separation was performed using a Luna C 8 column (4.6 mm × 250 mm, 5 m), and column temperature was kept at 40 • C. The mobile phase was 0.1% TFA in deionized water (A) and acetonitrile (B) with a gradient elution as follows: 0-5 minutes, 10-10% B; 5-55 minutes, 10-50% B; 55-57 minutes, 50-10% B; 57-67 minutes, 10-10%. The flow rate and injection volume were 1 mL/min and 10 L, respectively. WEUS (100 mg/mL), and a mixture of marker compounds (catechin, caffeic acid, and epicatechin; each 200 g/mL) were dissolved in methanol and filtered through a 0.2 m syringe filter before injection for HPLC analysis.
Cell culture and cytotoxicity assay
Mouse bone marrow-derived macrophages (BMMs) were cultured in ␣-MEM complete medium containing 10% fetal bovine serum and 1% penicillin/streptomycin in the presence of M-CSF (60 ng/mL) as described in our previous study. 20 BMMs were induced to differentiate into osteoclasts by treatment with RANKL (100 ng/mL). Cell cytotoxicity was determined using Cell Counting Kit-8 (Dojindo Molecular Technologies Inc., Rockville, MD, USA) after WEUS treatment for 2 days. To induce the differentiation of RAW264.7 cells (ATCC, Manassas, VA, USA) into osteoclasts, the cells were cultured in ␣-MEM complete medium with RANKL (100 ng/mL).
Tartrate-resistant acid phosphatase (TRAP) assay
BMMs were fixed with 10% neutralized formaldehyde, permeabilized with 0.1% Triton X-100, and incubated TRAP assay buffer (50mM sodium tartrate and 0.12M sodium acetate, pH 5.2) containing 1 mg/mL p-nitrophenyl phosphate for 10 minutes at 37 • C. The reaction was stopped with 0.1M NaOH, and measured at 405 nm. TRAP-positive multinucleated cells (TRAP (+) MNCs) were visualized by TRAP assay buffer containing 0.1 mg/mL naphthol AS-MX phosphate and 0.5 mg/mL Fast Red violet.
Quantitative real-time polymerase chain reaction (qPCR)
Total RNA was isolated using an RNA-spin total RNA Extraction Kit (Bioneer Inc., Daejeon, Korea), and RNA concentration was measured with NanoDrop 2.0 spectrophotometer (ThermoFisher Scientific, Pittsburgh, PA, USA). Two micro grams of total RNA was used for cDNA synthesis using AccuPower RT-PreMix (Bioneer Inc.). QPCR analysis was performed by CFX96 Touch Real-Time PCR System (Bio-Rad, Hercules, CA, USA) using AccuPower GreenStar qPCR Master mix (Bioneer Inc.) and the following primers: c-Fos, 5 -CGGGTTTCAACGCCGACTAC-3 (forward) and 5 -AAAGTTGGCACTAGAGACGGACAGA-3 (reverse); NFATc1, 5 -AAGACAGCACTGGAGCAT-3 (forward) and 5 -TCGGGTGGGAAGTCAGAA-3 (reverse); hypoxanthine-guanine phosphoribosyltransferase (HPRT), 5 -CCTAAGAT GAGCGCAAGTTG-3 (forward) and 5 -CCACAGGACTAGAACACCTTGCTAA-3 (reverse). The PCR cycles were performed as an initial denaturation step (95 • C for 5 min) and 40 amplification cycles (94 • C for 20 s and at 60 • C for 40 s). HPRT-normalized gene expression data were analyzed by 2 − CT method using CFX manager software (Version 3.1). 21 
Western blot analysis
The cells were washed with cold PBS and lysed in radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitor cocktails (Roche Applied Science, Indianapolis, IL, USA). Whole cell lysates were vortexed and centrifuged at 20,800 × g for 15 minutes. The protein lysates (30 g) were separated on 12.5% SDS-PAGE, transferred to polyvinylidene difluoride membrane, and incubated with specific primary antibodies (1/1000 dilution) and horseradish peroxidase-conjugated secondary antibodies (1/5000 dilution). Chemiluminescent signals on the antibodies-reacted membrane were detected with incubation of Pierce ECL Western Blotting Substrate (ThermoFisher Scientific, Rockford, IL, USA). The intensities of the bands on membranes were analyzed using Image Lab software (version 5.2.1, Bio-Rad Laboratories, CA, USA).
Retroviral gene transduction
Retrovirus packaging and BMM infection by using Plat-E retroviral packaging cells and retroviral vectors pMX-IRES-green fluorescent protein (GFP) and pMX-constitutively active (CA)-NFATc1-IRES-GFP were performed as described previously. 20 BMMs transduced with the retroviruses were cultured in the presence of M-CSF (60 ng/mL) for 1 day and then induced to differentiate into osteoclasts with RANKL (100 ng/mL).
Nuclear factor-kappa B (NF-ÄB) luciferase reporter assay
RAW264.7 cells were seeded in a 24-well plate at a density of 2 × 10 5 cells/well in DMEM complete medium. The next day, cells were transfected with NF-B luciferase reporter vector using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Eighteen hours after transfection, the culture medium was replaced with ␣-MEM complete medium, and cells were pretreated with or without WEUS (80 g/mL) for 3 hours and further incubated with or without RANKL (100 ng/mL) for 1 day. Cells were washed twice with phosphate-buffered saline (PBS) and then lysed in reporter lysis buffer (Promega, Madison, WI, USA). Luciferase activity was measured with a luciferase assay system (Promega).
Bone resorption assay
Bone resorption assay was performed as previously described. 20 In brief, mature osteoclasts were generated from the co-culture of mouse bone marrow cells and osteoblasts isolated from neonatal mouse calvaria in ␣-MEM complete medium containing 10nM 1␣, 25-dihydroxyvitamin D3 and 100nM prostaglandin E2 for 6 days on collagen gel. Mature osteoclasts were obtained by digesting collagen, replaced on Corning Osteo Assay Surface (Corning Inc., Corning, NY, USA), allowed to settle for 2 hours, and then cultured for 16 hours with vehicle or WEUS (20, 40 , and 80 g/mL) in the presence of RANKL (100 ng/mL). MNCs were stained for TRAP activity, and resorbed pits were photographed after removing cells by bleaching solution. Three randomly selected fields of each well were analyzed by using Image J software.
RANKL-induced trabecular bone loss model
Animal experiments were carried out in accordance with the KFDA Guide for the Care and Use of Laboratory Animals. Animal experiments (approval number, 12-121 and 14-085) were conducted according to the protocols approved by the Institutional Animal Care and Use of Committee (IACUC) in the Korea Institute of Oriental Medicine. RANKL-induced mouse trabecular bone loss model was studied as reported in previous studies 20, 22 with slight modifications. ICR mice (6-week-old male; Samtako Bio Inc., Seoul, Korea) were acclimatized for 1 week and received intraperitoneal injection of RANKL (1 mg/kg of body weight) or PBS (control) on days 0 and 1. WEUS (0.25 g/kg of body weight, n = 7) or vehicle (distilled water, n = 8) was orally administered twice daily for 5 days beginning on day −2. The mice were euthanized, and the femurs were isolated on day 3. The distal femurs were scanned using a SkyScan 1076 micro-computed tomography (CT) scanner (SkyScan N.V., Kontich, Belgium). Bone parameters including trabecular bone volume per tissue volume (BV/TV), number (Tb.N), thickness (Tb.Th), and separation (Tb.Sp) were analyzed in the distal femoral metaphysis between 0.54 and 1.46 mm distal to the growth plate. Serum TRAP 5b activity was determined using the fluorogenic substrate naphthol AS-BI phosphate (Sigma-Aldrich, St. Louis, MO, USA) as described previously. 20 Serum C-terminal cross-linked telopeptide of type I collagen (CTX) and osteocalcin levels were determined using a RatLaps EIA kit (Immunodiagnostic Systems Inc., Fountain Hills, AZ, USA) and a mouse osteocalcin EIA kit (Biomedical Technologies Inc., Stoughton, MA, USA), respectively. 
Statistical analysis
Values are presented as mean ± SD in in vitro experiments and mean ± SEM in in vivo experiments. Two-group comparisons were performed with Student t tests, while multiple-group comparisons were performed with one-way analysis of variance followed by Dunnett test. A p-value less than 0.05 was considered statistically significant.
Results
WEUS inhibits osteoclast differentiation
We first examined the effect of WEUS on osteoclast differentiation. In the presence of M-CSF, RANKL induced differentiation of BMMs into osteoclasts within 4 days, and WEUS markedly inhibited this process in a dose-dependent manner (Fig. 1A) . Consistent with these morphological changes, WEUS decreased the number of TRAP (+) MNCs and total TRAP activity ( Fig. 1B and C) . WEUS exhibited no significant cytotoxic effect on BMMs at concentrations up to 80 g/mL (Fig. 1D) . We next assessed the effect of WEUS on osteoclast differentiation using RAW264.7 cells, which differentiate into osteoclasts in the presence of RANKL through a mechanism independent of M-CSF. WEUS also exhibited an inhibitory effect on osteoclast differentiation and TRAP activity in RAW264.7 cells (Fig. 1E and F) . These findings suggest that WEUS could inhibit osteoclast differentiation by targeting RANKL signaling in osteoclast precursor cells.
WEUS downregulates NFATc1 expression
To determine whether inhibition of osteoclast differentiation by WEUS could result from its inhibitory effect on the expression of c-Fos and NFATc1, which are key transcription factors in RANKL signaling axis for osteoclastogenesis, 11, 12 we evaluated mRNA and protein levels of c-Fos and NFATc1. Time course analysis showed that in vehicle-treated cells, c-Fos and NFATc1 levels increased, peaking on days 1 and 2, respectively ( Fig. 2A and B) . c-Fos mRNA and protein levels were similar in both WEUS-and vehicle-treated cells, whereas NFATc1 levels were markedly diminished by WEUS on days 2 and 3. To examine whether NFATc1 is mainly involved in the inhibitory effect of WEUS on osteoclast differentiation, a constitutively active form of NFATc1 were expressed in BMMs by retroviral gene transduction. Ectopic expression of a constitutively active form of NFATc1 restored the inhibitory effect of WEUS on osteoclast differentiation (Fig. 2C ).
WEUS inhibits RANKL-induced NF-ÄB activation
JNK and p38 mitogen-activated kinases and NF-B signaling pathways have been shown to mediate RANKLinduced osteoclastogenic gene expression and osteoclast differentiation. 9, 13, 23 To gain more insight into the mechanism of action of WEUS on NFATc1 expression and osteoclast differentiation, we explored the activation of JNK, p38, and NF-B. WEUS did not affect RANKL-induced activation of JNK and p38, which were determined by their site-specific phosphorylation statues (Fig. 3A) . The NF-B inhibitory protein IB␣ phosphorylation and its degradation induced by RANKL were not altered by WEUS. However, we found that WEUS abrogates RANKL-induced NF-B transcriptional activity (Fig. 3B) .
WEUS suppresses bone resorbing function of osteoclasts
Having found that the inhibitory action of WEUS on RANKL-induced osteoclast differentiation, we next investigate whether WEUS affects bone resorbing activity of mature osteoclasts. When mature osteoclasts were cultured on bonelike mineral surface for 16 hours, resorption pits by osteoclasts were formed. Treatment of mature osteoclasts with WEUS decreased the total resorbed area, while it did not affect the number of mature osteoclasts (Fig. 4A-C) .
WEUS suppresses RANKL-induced trabecular bone loss
Because WEUS exhibited an inhibitory action on osteoclast differentiation and its bone resorbing function, we next examined the effect of WEUS on bone destruction using a RANKL-induced trabecular bone loss mouse model. 22 Intraperitoneal injections of RANKL markedly induced trabecular bone loss in the distal femoral metaphysis compared to control, whereas the administration of WEUS obviously suppressed RANKL-induced bone destruction (Fig. 5A) . Micro-CT analysis further revealed osteoporotic bone microarchitecture in RANKL-injected mice, characterized by a 70% decrease in BV/TV, 64% decrease in Tb.N, 19% decrease in Tb.Th, and 88% increase in Tb.Sp (Fig. 5B) . Administration of WEUS significantly ameliorated RANKL-induced changes in trabecular bone microarchitecture by increasing BV/TV by 42%, Tb.N by 67%, and Tb.Th by 35%, which consequently decreased Tb.Sp. In accordance with these results, RANKL injections increased serum TRAP5b activity and CTX levels (Fig. 5C ), which are markers of osteoclast number and bone resorption, respectively. These increases were greatly suppressed by WEUS. In contrast, neither RANKL nor WEUS affected serum osteocalcin levels, a maker of bone formation.
Discussion
Modulation of osteoclast differentiation and/or its bone resorbing function can be a potent therapeutic target for inhibition of pathological bone destruction. Our results demonstrate that WEUS inhibits bone destruction by suppressing both osteoclast differentiation and bone resorbing activity of mature osteoclasts. Previous phytochemical studies have shown that US contains flavonoids and alkaloids including catechin, caffeic acid, epicatechin, rhynchophylline, and corynoxein. 15, 24, 25 In line with this, we identified the presence of catechin, caffeic acid, and epicatechin in WEUS, based on their retention times and UV absorption spectra in high performance liquid chromatography analysis (Supplementary Fig. 1 Fig. 5 -Supplementary Fig. 1 HPLC chromatograms of WEUS and a standard mixture of catechin, caffeic acid, and epicatechin.
WEUS inhibited RANKL-induced expression of NFATc1, a master transcription factor for osteoclast differentiation. 11 Ectopic expression of a constitutively active form of NFATc1 in osteoclast precursors restored the inhibitory effect of WEUS on osteoclast differentiation, suggesting that the antiosteoclastogenic effect of WEUS are attributed to inhibition of NFATc1 expression. RANKL-induced NFATc1 expression requires induction and activation of other transcription factors. The classical NF-B p65 and p50 subunits are recruited to the NFATc1 promoter in response to RANKL, which induces the initial induction of NFATc1 in cooperation with NFATc1. 23 NFATc1 activated by calcium signals then binds to its own promoter in cooperation with activator protein-1 activated by the induction of c-Fos, leading to induce autoamplification of NFATc1. 11, 23 In the present study, WEUS did not affect RANKL-induced c-Fos expression. We found that WEUS inhibits RANKL-induced NF-B transcriptional activity without affecting IB␣ phosphorylation and degradation. The transcriptional activity of NF-B can be regulated through multiple post-translational modifications of the components of NF-B signaling including the NF-B subunits themselves. 26 In osteoclast precursors, RANKL has been shown to stimulate p65 phosphorylation at Ser536 via a TAK1-MKK6-p38 signaling pathway. 27 However, the role of the phosphorylation of p65at Ser536 in RANKL-induced NF-B transcriptional activity and NFATc1 induction has not been investigated. Although the molecular mechanism underlying inhibition of RANKLinduced NF-B transcriptional activity by WEUS remains to be elucidated, our results suggest that inhibition of NF-B activation by WEUS may contribute to suppression of NFATc1 induction, subsequently inhibiting osteoclast differentiation.
Apart from its role in osteoclast differentiation, the classical NF-B signaling is also involved in osteoclast activation required for bone resorption. Selective inhibition of NF-B with by the NEMO-binding domain peptide, which blocks association of NEMO and IKK complex, has been shown to reduce bone resorbing activity of osteoclasts without affecting their survival. 28 It was also reported that the inhibition of NF-B pathway in osteoclasts by ectopic expression of a dominantnegative form of IKK beta reduces their bone resorbing activity, while overexpression of a constitutively active form of IKK beta increases the activity. Modulation of NF-B activity by expression of these IKK beta mutants did not affect the survival of osteoclasts. 29 In the present study, we found that WEUS inhibits bone resorbing activity of mature osteoclasts without affecting their survival. Thus, these suggest that the inhibition of NF-B activation by WEUS might contribute to its inhibitory effect on bone resorbing activity of mature osteoclasts.
Intraperitoneal injections of RANKL into mice induce rapid loss of trabecular bone by stimulating both the differentiation of osteoclast progenitors and the activation of pre-existing osteoclasts. 22 In the present study, two injections of RANKL at a 24-hour interval induced marked trabecular bone destruction and elevated serum TRAP5b activity and CTX levels on day 3 after the first RANKL injection, indicating increased osteoclastic bone resorption. Consistent with the in vitro inhibitory effects of WEUS on osteoclast differentiation and activation, the administration of WEUS significantly suppressed RANKLinduced bone destruction and elevation of osteoclast numbers and bone resorption. It has been reported that the elevated bone resorption by RANKL injections at 24-hour intervals for 3 days induces an increase in bone formation, determined by serum alkaline phosphatase levels. 22 However, we did not find a significant change in serum osteocalcin levels by RANKL and WEUS. Therefore, it is likely that the protective effect of WEUS against RANKL-induced bone destruction is mainly due to suppression of bone resorption by inhibition of osteoclast differentiation and activation. Although WEUS did not affect serum osteocalcin levels in the present study, the long-term effects of WEUS on bone formation and remodeling remain to be further studied.
In conclusion, the present study demonstrates for the first time that WEUS has a protective effect against bone destruction by inhibiting osteoclast differentiation and its bone resorbing activity. These findings suggest that WEUS may be useful for the treatment of bone diseases characterized by excessive bone resorption.
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